ABSTRACT: A randomized complete block design experiment with 360 single-source black yearling steers (average BW = 316.1 ± 9.1 kg) fed a 91% concentrate (steam-flaked corn base) diet was conducted to evaluate the effects of supplemental vitamin A (0, 1,103, 2,205, 4,410, or 8,820 IU/kg of dietary DM) on plasma and liver vitamin A and E concentrations, lipogenic enzyme activity, marbling score, and performance of yearling steers. Final BW (586, 580, 590, 585, and 584 kg for 0, 1,103, 2,205, 4,410, and 8,820 IU of supplemental vitamin A/kg of DM, respectively) did not differ (P = 0.39) among treatments. Feed efficiency, ADG, and daily DMI did not differ (P > 0.10) among treatments within each 28-d period or for the overall experiment. From d 57 to slaughter, average DMI (10.33, 10.28, 10.57, 9.75, and 10.22 kg/steer daily for 0, 1,103, 2,205, 4,410, and 8,820 IU of vitamin A/kg of DM, respectively) was less (P < 0.02) by steers receiving 4,410 IU of supplemental vitamin A/kg of dietary DM than for steers in the other treatments. Furthermore, DMI was greater (P = 0.06) for steers receiving 2,205 IU of supplemental vitamin A/kg of dietary DM than for steers receiving 8,820 IU of supplemental vitamin A/kg of DM. Marbling score, HCW, LM area, and 12th-rib fat thickness did not differ (P > 0.10) among treatments. Similarly, the percentage of carcasses grading ≥USDA Choice (62.6, 52.8, 64.0, 58.4, and 58.4% for 0, 1,103, 2,205, 4,410, and 8,820 IU of vitamin A/kg of DM, respectively), Select, or ≤Standard did not differ (P > 0.10) among treatments. Except for d 56 (P = 0.050; r = 0.18 for liver retinol), no correlations (P > 0.10) between marbling score and any plasma or liver tissue retinol or α-tocopherol concentrations or vitamin A intake were found, and no differences (P > 0.10) in lipogenic enzyme activity were detected among treatments. Taken together with previous and concurrent research, results of this experiment suggest that vitamin A supplementation at a concentration up to twice the NRC recommendation has little effect on performance, marbling, or lipogenic enzyme activity in adipose tissue samples in yearling feedlot steers, and that 2,205 IU of supplemental vitamin A/kg of DM (20,000 IU/ steer daily) or less is adequate to meet the vitamin A requirements of finishing beef cattle.
INTRODUCTION
Quality grade distributions vary seasonally in beef carcasses, with a greater relative percentage of Choice carcasses in the late autumn and early spring. Berger and Faulkner (2003) postulated that this seasonal variation in carcass quality may result, in part, from the effects of seasonal variation in vitamin A intake. Therefore, cattle placed into feedlots from lush pastures that have increased concentrations of carotenoids likely have elevated concentrations of vitamin A stored in the liver (Perry et al., 1966; Kohlmeier and Burroughs, 1970) .
Several researchers have reported that retinoic acid, a form of vitamin A, may inhibit adipocyte differentia-tion (Ohyama et al., 1998; Kawada et al., 2000) . In addition, other research has shown a negative correlation between marbling and serum retinol concentration in Japanese Black cattle (Adachi et al., 1999; Chae et al., 2003) .
Typical finishing diets recommended by 42 consulting nutritionists contained an average of 5,215 IU of vitamin A/kg of DM (Vasconcelos and Galyean, 2007) . In contrast, NRC (1996) suggested that the vitamin A requirement of feedlot cattle is 2,200 IU/kg of DM. Excess vitamin A intake by feedlot cattle that arrive into the feedlot directly from green pasture forage or with elevated liver vitamin A concentrations may delay or limit adipocyte differentiation. We hypothesized that feedlot diets that are marginal or deficient in vitamin A might hasten the depletion of vitamin A reserves and thereby diminish the inhibitory effect on adipocyte differentiation. Additionally, reducing dietary vitamin A may increase the availability and blood concentrations of vitamin E (Schelling et al., 1995; Zinn et al., 1996) , which has been correlated with immune response (Nockels et al., 1996; Rivera et al., 2002) . Our objectives were to study the effects of dietary vitamin A concentration on plasma and liver vitamin A and E concentrations, lipogenic enzyme activity, marbling score, and performance of yearling steers.
MATERIALS AND METHODS
Before the initiation of this experiment, all animal use, handling, and sampling techniques described herein were approved by the Colorado State University Animal Care and Use Committee.
Animals
Four hundred twenty-five single-source black yearling steers (BW = 316.1 ± 9.1 kg) were purchased from a single producer in the Flint Hills region of southeastern Kansas. All animals were administered Component-ES implants (200 mg of progesterone and 20 mg of estradiol benzoate; Elanco Animal Health Inc., Greenfield, IN). After processing, cattle were housed at the Southeastern Colorado Research Center (Lamar) and maintained on a starter diet (Table 1 ) until the initiation of the experiment.
Animal Allotment
On d −1, steers were weighed individually and tagged with an electronic identification tag. Steers were ranked by BW, and those weighing greater than ±2 SD from the mean BW were excluded from the study. The re- maining steers were stratified by BW into 8 blocks, and within each block, cattle were assigned randomly to 1 of 5 treatments, resulting in 8 pens with 9 steers/ pen. On d 0, steers were returned through the processing facility, individually weighed, and sorted into their respective treatment pens, and the experiment was initiated.
Treatments
Five dietary supplemental concentrations of vitamin A were used, based on multiples of the NRC (1996) recommendation, providing 0, 1,103, 2,205, 4,410, or 8,820 IU of vitamin A/kg of dietary DM. Vitamin A was supplied in the form of retinyl acetate. According to NRC (1996) , the only source of naturally occurring vitamin A in the finishing diet was corn silage; however, β-carotenes and vitamin A are destroyed and become biologically unavailable because of ensiling, oxidation, and heat (Martin et al., 1968; Puls, 1994; NRC, 1996; McDowell, 2000) . Moreover, the the vitamin A concentration of corn silage as analyzed and reported by Gorocica-Buenfil et al. (2007a) was 15% of that reported by NRC (1996) . These results likely reflect the finding (Miller et al., 1970; Martin et al., 1971; McDowell, 2000) that liver stores of cattle consuming corn silages became depleted of vitamin A. The analyzed concentration of vitamin A in the basal diet was 1,364 IU/kg.
Diets and Supplements
All cattle received the same basal diets for the entire experiment (Table 1) . The finishing diets contained monensin (Rumensin 80, Elanco Animal Health) and tylosin (Tylan 100, Elanco Animal Health) at 33 and 11 mg/kg of DM, respectively. The finishing 1 diet contained corn silage as a roughage source, whereas sorghum silage was used in the finishing 2 diet because corn silage was no longer available. All diets contained a minimum of 13.5% CP and 11 IU/kg of DM of vitamin E (supplied in the form of dl-α-tocopherol). In addition to other nutrients, the finishing diet and supplement were sampled every 4 wk and assayed for vitamin A and E concentrations (SDK Laboratories, Hutchinson, KS). Supplements were manufactured according to formulas shown in Table 2 , and vitamin A was mixed into the supplement from a premix containing 110,250,000 IU/kg of retinyl acetate.
Weighing Conditions
The initial BW used for the analysis was the average of the 2 individual BW measurements obtained at the beginning of the experiment. Individual interim BW were obtained on d 56, as the cattle were reimplanted with Revalor-S (120 mg of trenbolone acetate and 24 mg of estradiol-17β; Intervet/Schering-Plough Animal Health, Millsboro, DE), d 112, and d 141. Final BW was the average of 2 individual BW measurements obtained on d 141 and on 1 of the 2 d during the final sampling period (d 142 and 143) before slaughter. A 4% pencil shrink was applied to all BW measurements before data analyses.
Blood, Liver, and Adipose Sampling
Blood and liver tissue samples were collected from 3 animals per replicate on d 0, 56, 112, and 142 or 143. The 3 sampled animals from each replicate (n = Vitamin A in feedlot steers 120) were selected randomly on d 0, and the same 3 animals were used on the remaining sampling days. Blood (10 mL) was collected via jugular venipuncture into heparinized vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) to determine plasma retinol and α-tocopherol concentrations. Samples were placed in an aluminum foil-covered rack and stored on ice for approximately 2 to 3 h before being centrifuged at 2,500 × g for 20 min at room temperature. Plasma was decanted and stored in acid-washed polyethylene tubes. The tube racks were then wrapped in aluminum foil, and the samples were refrigerated overnight until the next day, at which time they were transported on ice to Colorado State University (Fort Collins), where they were stored at −80°C. At all times from sample collection through analysis, every effort was made to minimize exposure of samples to light and thereby prevent the breakdown of retinol.
Liver tissue biopsy samples were obtained from the same animals that were used for the blood collection, using the true-cut technique described by Pearson and Craig (1980) , as modified by Engle and Spears (2000) . In brief, on the right side of each animal between the 11th and 12th ribs, a 10.0 × 10.0 cm area was clipped, scrubbed (alternating) 3 times with Betadine (Purdue Products LP, Stamford, CT) and 70% (vol/vol) ethyl alcohol, and the area was locally anesthetized with 5.0 mL of lidocaine hydrochloride. A 1.0-cm incision was made with a #11 scalpel blade between the 11th and 12th ribs on a line from the tubercoxae to the point of the shoulder. A core sample of liver weighing approximately 50.0 mg was obtained with the true-cut technique as described by Pearson and Craig (1980) , using a modified Jamshidi bone marrow biopsy punch (0.7 cm in diameter × 14.0 cm in length). The biopsy probe was inserted into the liver, and negative pressure was applied with a 20-mL syringe to aspirate the sample into the biopsy probe. All biopsy instruments were coldsterilized in 50% Nolvasan (Fort Dodge Animal Health, Overland Park, KS):50% deionized water (vol/vol) in an enclosed stainless-steel instrument container before use on each animal, and a new pair of sterile gloves was used for each biopsy. After collection, each sample was rinsed immediately with PBS (pH 7.4), placed into an acid-washed polyethylene tube, capped, and stored on ice. The plasma and liver samples were refrigerated overnight until the next day, at which time they were transported on ice to Colorado State University, where they were stored at −80°C until they were analyzed. As with the plasma samples, every effort was made to minimize exposure of the samples to light.
Because of the increased sampling time required for adipose tissue biopsies, the final collection was conducted over a 2-d period. Adipose tissue biopsies were obtained on d 142 or 143 from 1 randomly chosen steer, which was selected from 1 of the 3 designated sampling steers in each replicate. Adipose tissue biopsies were obtained from (1 animal per pen; 40 total samples) the right side of the tail head several days (d 142 or 143) before slaughter (d 147) . At the time of sampling, the injection site and incision site were clipped of hair, scrubbed (alternating) 3 times with Betadine and 70% (vol/vol) ethyl alcohol, and the area was locally anesthetized with 5.0 mL of lidocaine hydrochloride. An incision 2.5 to 3.5 cm in length was made between the tail head and the tuber ischii, and approximately 5.0 g of adipose tissue was removed and washed with PBS. Incisions were then sutured with sterile #2 catgut suture material. All biopsy instruments were cold-sterilized in 50% Nolvasan:50% deionized water (vol/vol) in an enclosed stainless-steel instrument container before use on each animal, and a new pair of sterile gloves was used for each biopsy. After the initial biopsy, animals were monitored twice daily, in the morning and evening, for 1 wk. No postsurgical complications were observed with any of the animals.
Immediately after the subcutaneous adipose tissue samples were collected and rinsed, they were weighed, wrapped in aluminum foil, labeled, snap-frozen in liquid N, and stored at −80°C until the activities of fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and lipoprotein lipase (LPL) were determined.
Liver and Plasma Retinol, and α-Tocopherol
Liver and plasma retinol were analyzed according to the HPLC procedure of Alosilla et al. (2007) . Concentrations of α-tocopherol were determined following the procedure of Njeru et al. (1992) for plasma and that of Njeru et al. (1995) for liver.
FAS Enzyme Activity
Fatty acid synthase activity was determined as described by Moibi et al. (2000) . At the time of assay, frozen adipose tissue samples were pulverized in liquid N and homogenized (30 s at 4°C; Fisher Scientific, Pittsburgh, PA) in 3 vol of phosphate bicarbonate buffer (70 mM KHCO 3 , 85 mM K 2 HPO 4 , 9 mM KH 2 PO 4 , 1 mM dithiothreitol; pH 8). The homogenate was centrifuged at 10,000 × g for 10 min at 5°C, and the resulting supernatant fluid was centrifuged at 105,000 × g for 60 min at 4°C to obtain adipose tissue cytosol. The supernatant fraction was brought to saturation with an ammonium sulfate solution (3 mM EDTA and 1 mM β-mercaptoethanol) and stirred for 60 min on ice. The precipitate was collected by centrifugation at 100,000 × g for 60 min at 5°C. Protein content was assayed according to the method of Bradford (1976) .
Fatty acid synthase activity was determined in duplicate according to the method of Nepokroeff et al. (1975) by measuring the malonyl-CoA-and acetylCoA-dependent oxidation of NAD phosphate (NA-DPH) using a UV-visible automated spectrophotometer equipped with a temperature controller set at 30°C. For each assay, reference (blank) and sample cuvettes were measured simultaneously, and the decrease in absorbance at 340 nm was monitored. The change in con-centration of NADPH during oxidation was calculated as described by Moibi et al. (2000) . Fatty acid synthase activity was expressed as nanomoles of NADPH oxidized per minute per milligram of protein.
ACC Enzyme Activity
Acetyl-CoA carboxylase activity was determined as described by Moibi et al. (2000) . Frozen subcutaneous tissue samples were pulverized under liquid N and homogenized (Fisher Scientific) with a buffer containing 50 mM Tris-HCl (pH 7.5 at 4°C), 50 mM NaF, 0.25 M mannitol, 1 mM EDTA, 1 mM ethylene glycol-bis(β-aminoethylether), 1 mM dithiothreitol, 5 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 4 µg/mL soybean trypsin inhibitor. Homogenates were centrifuged at 14,000 × g for 20 min at 4°C. The supernatant fraction of the samples was made to a final concentration of 2% (wt/vol) polyethylene glycol (PEG), stirred for 10 min at 4°C, and then centrifuged at 10,000 × g for 10 min at 4°C. Acetyl-CoA carboxylase protein was precipitated from the supernatant fraction in a 10% (wt/vol) PEG solution, stirred on ice for 10 min, and centrifuged at 10,000 × g for 60 min at 5°C as described previously. Precipitate was collected and washed with 10% PEG (wt/ vol)/homogenizing buffer. After centrifugation (10,000 × g, 10 min, 5°C), the pellet was resuspended in a buffer containing 100 mM Tris-HCl (pH 7.5 at 4°C); 1 mM EDTA; 1 mM ethylene glycol-bis(β-aminoethylether)-N,N,N',N'-tetraacetic acid; 1 mM dithiothreitol; 50 mM NaF; 5 mM sodium pyrophosphate; 10% (vol/vol) glycerol; 0.02% (wt/vol) sodium azide; 4 µg/mL each of aprotinin, leupeptin, pepstatin-A, and soybean trypsin inhibitor; and 1 mM benzamidine. Protein content was determined using the Bradford (1976) method.
Acetyl-CoA carboxylase activity was determined as described by Lopaschuk et al. (1994) , except that the HPLC procedure was replaced by measuring the rate of incorporation of [ 14 C]bicarbonate into an acid-stable compound (malonyl-CoA; Thampy and Wakil, 1985) . Briefly, 3 parts of enzyme extract were preincubated for 5 min at 37°C in 1 part of buffer containing 0.24 M Tris-acetate, 3 mg/mL of BSA, 20 mM Mg-acetate, 40 mM citrate, and 5.2 mM β-mercaptoethanol. The reaction was initiated by adding 10 µL of preincubated enzyme in a final assay mixture of 165 µL containing 60.6 mM Tris-acetate, 2.12 mM ATP, 1.32 µM β-mercaptoethanol, 5.0 mM Mg-acetate, 10 mM potassium citrate, 1.06 mM acetyl-CoA, 18.18 mM NaHCO 3 , 0.33 µCi/µmol Na 14 CO 3 , and 1 mg/mL of fatty acidfree BSA (pH 7.5). After a 4-min incubation period at 37°C in a shaking water bath, the reaction was stopped by adding 25 µL of 10% (vol/vol) perchloric acid. Reaction tubes were placed in a desiccator under vacuum, and tubes were centrifuged at 2,900 × g for 20 min at 14°C. The supernatant fraction (160 µL) was transferred into glass scintillation vials and evaporated to dryness at 80°C under vacuum. The residue was dissolved in 100 µL of H 2 O and mixed with 4 mL of scintillation fluid. Acetyl-CoA carboxylase activity was expressed as nanomoles of [ 
LPL Enzyme Activity
Activity of LPL in subcutaneous adipose tissue was determined by modifications of the methods of Krauss et al. (1973) and Rao and Hawkins (1976) . The modifications were as follows: a weighed amount of frozen tissue was diced into small pieces, placed in 5 vol of 0.15 M KCl, and homogenized with a PowerGen 700 homogenizer (Fisher Scientific) for 345 s. The substrate was then prepared by sonification of 100 mg of triolein in 12 mL of 0.194 M Tris-HCl plus 0.15 M NaCl buffer, pH 8.6, containing 0.05% (vol/vol) Triton X-100 and 200 mg of BSA, and activated by incubation for 30 min at 37°C with 0.1 part of calf serum. The assay mixture was incubated at 37°C for 90 min in a metabolic shaker, and the release of FFA was determined (Smith, 1975) .
Energy Recovery
Net energy values for each diet were calculated from estimates of energy expended for maintenance (EM, Mcal/d) and energy retained (EG, Mcal/d) derived from BW, actual growth performance data, and DMI, using the following equations for medium-framed yearling steers (NRC, 1996) 
Slaughter Procedures and Carcass Data
Steers were allowed to recover from blood sampling and liver and adipose biopsies for 72 h, after which all animals were transported on d 147 to a commercial abattoir (JBS, Greeley, CO) for slaughter, using conventional humane procedures. Dressing percentage was calculated using the HCW and the average of the 2 final BW. On the day of slaughter, the sequential order of steer slaughter was recorded, and carcass identification numbers were matched with ear tag numbers. After a 36-h chill, routine carcass measurements were obtained. Preliminary yield grade and KPH estimates were recorded by 2 individuals, and the results were averaged for statistical analysis. Longissimus muscle area, marbling percentage of the lean surface at the 12th-to 13th-rib interface, and fat thickness at the 3/4-measure opposite the lean surface between the 12th-to 13th-rib interface were measured via a Computer Vision System Ribeye Camera (RMS Research Management Systems USA Inc., Fort Collins, CO), which used colorimetric, video-imaging. Yield grades for each animal were calculated from the adjusted 12th-rib fat thickness, LM area, HCW, and KPH. Marbling score was also assessed by 2 individuals, and data were averaged before analysis. The incidence of dark-cutting beef, the HCW, and the USDA quality and yield grades were obtained from the carcass kill sheets supplied by the packing plant. A separate quality grade was determined based on the marbling scores that were assessed by representatives of Colorado State University.
Statistical Analyses
Data for performance, HCW, marbling score, marbling percentage, 12th-rib fat, LMA, KPH, calculated yield grade, dressing percentage, and lipogenic enzyme activities were analyzed on a pen-mean basis using the MIXED procedure (SAS Inst. Inc., Cary, NC) for a randomized block design. Treatment was included in the model as a fixed effect, and BW block was considered a random effect. When the overall F-value for treatment was significant (P < 0.05), least squares means were separated using the Fisher LSD test generated by the PDIFF statement in SAS. Orthogonal polynomials were used to evaluate linear and quadratic responses among supplemental concentrations of vitamin A. Orthogonal coefficients for unequally spaced treatments were generated using the IML procedure of SAS.
The USDA yield and quality grade data were evaluated as categorical data with a binomial distribution, using the GLIMMIX procedure of SAS. Treatment was included in the model as a fixed effect, and block was considered a random effect Plasma and liver retinol and α-tocopherol concentrations were analyzed on a pen-mean basis using the MIXED procedure of SAS for a randomized block design with repeated measures, as described by Littell et al. (1998) . Fixed effects included in the model were treatment, period, and the treatment × period interaction. Body weight block was included in the model as a random effect. The subject of the repeated statement was the treatment × block, and a first-order autoregressive covariance structure was used. When the overall F-value for treatment was significant (P < 0.10), least squares means were separated using the Fisher LSD test generated by the PDIFF statement in SAS. Orthogonal polynomials were used to evaluate linear and quadratic responses among supplemental concentrations of vitamin A. As before, orthogonal coefficients for unequally spaced treatments were used. Finally, Pearson correlation coefficients, with animal as the experimental unit, were determined for the correlations among plasma and liver tissue retinol and α-tocopherol concentrations and marbling score by using the CORR procedure of SAS.
RESULTS AND DISCUSSION

Supplemental Vitamin A Intake
Cumulative average daily supplemental vitamin A intake is presented in Table 3 . Based on actual average daily DMI and formulated dietary concentrations, steers fed the 0, 1,103, 2,205, 4,410, and 8,820 IU of vitamin A/kg of DM treatments consumed 0, 10,367, 21,260, 40,997, and 85,578 IU of supplemental vitamin A/(steer·d −1 ), respectively, from d 0 to slaughter, for a cumulative total (supplemental plus basal) of 13, 035, 23, 197, 34, 418, 53, 691 , and 98,517 IU of vitamin A/ (steer·d −1 ), respectively. The average daily supplemental vitamin A intake increased linearly (P < 0.001) with increasing supplemental concentration of vitamin A. In contrast to the expected quadratic response, this observed linear response is a function of the combined effect of vitamin A concentration in the diet and changes in DMI among treatments.
Least squares means for growth performance, intake, feed efficiency, and energy recovery are presented in Table 3 . Body weights were not affected (P > 0.17) by supplemental vitamin A concentration for any period (interim BW not shown). In addition, slaughter weights did not differ (P = 0.39) among the 5 treatments. Previous researchers (Perry et al., 1968; Kohlmeier and Burroughs, 1970) observed that feedlot cattle consuming 1,433 to 3,087 IU of supplemental vitamin A/kg of DM had greater ADG and BW than those not receiving any supplemental vitamin A. Kohlmeier and Burroughs (1970) conducted 3 feedlot experiments with yearling steers and diets containing 0 to 3,087 IU of supplemental vitamin A/kg of DM and found that no supplemental vitamin A was required as long as plasma and liver vitamin A concentrations remained above 25 µg/dL and 2 µg/g, respectively. Chapman et al. (1964) and Perry et al. (1966) found no advantage of supplementing vitamin A to cattle grazing summer pasture. Furthermore, Kohlmeier and Burroughs (1970) concluded that most cattle entering the feedlot from grazing conditions had sufficient vitamin A reserves to last for 90 to 120 d, but that 1,433 IU of supplemental vitamin A/kg of DM was needed to ensure that incoming cattle did not become deficient in vitamin A during the feeding period. Similarly, Embry et al. (1962) suggested that 1,268 IU/kg of DM was sufficient to meet the vitamin A requirements of feedlot steers.
ADG
Average daily gain did not differ among treatments from d 0 to slaughter (P = 0.37) and averaged 1.89 kg/d across the 5 supplemental vitamin treatments. Similar to Perry et al. (1968) , Hill et al. (1995) reported that feedlot steers receiving 24,000 IU of supplemental vitamin A/(steer·d −1 ), which equated to approximately 2,134 IU of supplemental vitamin A/kg of DM, had greater ADG than those receiving 70,000 IU of supplemental vitamin A/d (approximately 6,274 IU of supplemental vitamin A/kg of DM). In a receiving experiment, Zinn et al. (1996) also observed greater ADG by crossbred calves consuming 2,200 IU of supplemental vitamin A/kg of DM than by those consuming 11,000 IU of supplemental vitamin A/kg of DM; however, this difference was noted only for the first 28 d of the 56-d experiment period. More recently, in 1 of 3 experiments, Pyatt et al. (2005) reported that ADG was greater in cattle fed 2,300 IU/kg than in those fed 7,250 IU/kg; however, in the 2 other experiments, no differences in ADG were detected with different vitamin A concentrations. Gorocica-Buenfil et al. (2007b , 2008 ) observed a slight increase in ADG in cattle supplemented with 2,700 IU/kg (P = 0.08) or 2,200 IU/kg (P = 0.14), respectively, compared with those that were fed no supplemental vitamin A. Conversely, Gorocica-Buenfil et al. (2007a,c) noted no differences in ADG among Holstein or Angus-cross cattle in response to differences in cumulative vitamin A intakes.
Intake, Feed Efficiency, and NE Recovery
From d 0 to slaughter, daily DMI did not differ among treatments (P = 0.31). Results of other studies (Pyatt et al., 2005; Gorocica-Buenfil et al., 2007a ,b,c, 2008 have not shown differences in DMI among cattle fed varying concentrations of supplemental vitamin A.
The G:F did not differ among the 5 treatments from d 0 to slaughter (P = 0.84). Hill et al. (1995) observed improved feed efficiency in steers consuming 2,134 IU of supplemental vitamin A/kg of DM compared with those consuming 6,274 IU of supplemental vitamin A/ kg of DM. Likewise, Zinn et al. (1996) observed improved feed efficiency in crossbred calves consuming 2,200 IU of supplemental vitamin A/kg of DM compared with those consuming 11,000 IU of supplemental vitamin A/kg of DM, but this difference was evident only for the first 28 d of the 56-d experiment period.
In 1 of 3 experiments, Pyatt et al. (2005) reported that feed efficiency was improved in cattle fed 2,300 IU/kg compared with those that received 7,250 IU/kg; however, in the other 2 experiments, no differences were detected. Gorocica-Buenfil et al. (2007b ,c, 2008 
Carcass Merit
Least squares means and frequency distributions showing the effect of supplemental vitamin A concentration on carcass quality and cutability traits are presented in Table 4 . No carcass traits were affected (P Supplemental vitamin A intake; all treatment mean comparisons differed, P < 0.001.
Vitamin A in feedlot steers > 0.10) by supplemental concentration of vitamin A. Except for d 56 (P = 0.050; r = 0.18 for liver retinol), no correlations (P > 0.10) between marbling score and any plasma or liver tissue retinol or α-tocopherol concentration or vitamin A intake were found (Table 5) . Thus, our data suggest that the effect of supplemental vitamin A on marbling is not important for the typical High Plains feeding scenario represented in this experiment, in which yearling steers are fed high-concentrate diets. Previous studies have shown a negative correlation between serum retinol concentration and marbling in cattle (Oka et al., 1992; Adachi et al., 1999; Chae et al., 2003) . Nonetheless, these previous studies were conducted primarily in a retrospective fashion in that supplemental dietary vitamin A treatments were not applied to the cattle. Instead, the cattle used in these studies were chosen in a random fashion, and biochemical assay results from these cattle were correlated with their individual marbling scores. With supplemental vitamin A and in a series of 3 experiments in the Tajima strain of Japanese Black cattle (Oka et al., 1998) , in which cattle were inject- Orthogonal contrasts: Q = quadratic; NS = not significant, P > 0.10.
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Marbling score units: 300 = Slight 00 ; 400 = Small 00 ; 500 = Modest 00 ; 600 = Moderate 00 .
4
Area of marbling within the LM divided by the total LM area; determined via video-imaging instruments. In reference to the studies conducted with Japanese Black cattle (Oka et al., 1992 (Oka et al., , 1998 Adachi et al., 1999; Nade et al., 2003) , it must be noted that these cattle are unique and are known to have a significant genetic potential for marbling, whereas the cattle in the present experiment were typical US cattle, and pens graded 49 to 60% Choice or greater. In addition, the Japanese cattle are typically more than 30 mo of age when slaughtered, whereas the cattle in the present study and most cattle in the United States are less than 30 mo of age when slaughtered. In Japan, most cattle are raised in confinement from a very young age, whereas in the United States, most cattle graze native forage for the majority of their lives before they enter the feedlot.
More recent research with supplemental vitamin A in beef cattle in the United States has yielded inconsistent results. In 3 separate experiments in which Angus × Simmental cattle were fed either 2,300 or 7,250 IU of dietary vitamin A/kg, Pyatt et al. (2005) did not observe differences in marbling scores or 12th-rib fat. In addition, Pyatt et al. (2005) found no correlation (P > 0.10) between marbling score and serum retinol concentration. Arnett et al. (2007) showed that marbling score increased in lambs fed 6,600 vs. 0 IU of supplemental vitamin A/kg, and they found a positive correlation (r = 0.30; P < 0.10) between marbling score and serum retinol. Similarly, research conducted to evaluate various vitamin A supplementation and restriction strategies (Gorocica-Buenfil et al., 2007a ,b,c, 2008 showed mixed results. For instance, Gorocica-Buenfil et al. (2007b) reported that Angus-cross cattle (BW = 295 kg) that were fed 2,700 IU of vitamin A/kg in a diet in which high-moisture corn was used as the sole grain source tended (P = 0.11) to have decreased marbling scores without any effect on 12th-rib fat thickness compared with those that received no supplemental vitamin A. In contrast, in lightweight Holstein steers (BW = 218 kg) that were fed 2,200 IU/kg of supplemental vitamin A before being restricted to no supplemental vitamin A for 131 or 243 d, Gorocica-Buenfil et al. (2007c) observed no differences in marbling scores or 12th-rib fat thickness. In a third study (Gorocica-Buenfil et al., 2007a) with Angus-cross steers (BW = 295 kg), marbling in cattle supplemented with 2,200 IU of vitamin A/kg was significantly less than in those receiving no supplemental vitamin A; however, the percentage of carcasses grading USDA Choice or greater was not affected by vitamin A concentration. In a fourth study (Gorocica-Buenfil et al., 2008) , no differences in marbling or quality grade were detected between Angusbased steers (BW = 224 kg) fed either 0 or 2,200 IU of supplemental vitamin A/kg. It seems that whatever the effect of supplemental vitamin A on marbling and quality grade might be, it is variable, likely being affected by the flux of liver stores of vitamin A throughout the life of the animal and in relation to the maturing of the intramuscular adipose depot.
Lipogenic Enzyme Activity
As noted previously, no differences in marbling score or 12th-rib fat thickness were detected (P > 0.10) among supplemental vitamin A treatments. Similarly, the activities of the ACC, FAS, and LPL in subcutaneous adipose samples did not differ among treatments (P > 0.10), and orthogonal contrasts did not reveal any trends related to dietary concentration of vitamin A (P > 0.10; Table 6 ). These enzymes are involved in the canonical pathways for lipogenesis and lipid removal and storage, and hence can be used to evaluate the effects of various ligands or treatments on lipogenic activity. Acetyl-CoA carboxylase regulates the first controlling step of fatty acid synthesis in adipose tissue, and it aids in the conversion of acetyl-CoA to malonyl-CoA via addition of CO 2 . Fatty acid synthase is a multienzyme complex, which first catalyzes the combination of a primer acetyl-CoA and malonyl-CoA and which uses NADPH as a donor of reducing equivalents during numerous cycles to form long-chain fatty acids. Both ACC and FAS work in the cytosol of the adipose tissue. In contrast, LPL is anchored to the endothelial walls of the blood capillaries and acts to hydrolyze lipoproteins so that the NEFA can enter the cytosol for reesterifcation and storage. No other experiments evaluating the response of these enzymes to supplemental vitamin A could be found in the literature; however, the results agree with the lack of differences in subcutaneous and intramuscular fat among vitamin A treatments. Gorocica-Buenfil et al. (2007b) reported that, compared with a diet without supplemental vitamin A, Anguscross cattle (BW = 295 kg) supplemented with 2,700 IU of vitamin A/kg in a typical high-moisture corn diet had decreased intramuscular adipose cell density and increased mean diameter of adipose cells, but no effect on adipose cellularity was noted in the subcutaneous fat depot. In contrast, in lightweight Holstein steers (BW = 218 kg) that were fed 2,200 IU of supplemental vitamin A/kg before being restricted to no supplemental vitamin A for 131 or 243 d, Gorocica-Buenfil et al.
Vitamin A in feedlot steers (2007c) observed no differences in adipose cellularity in either the intramuscular or subcutaneous adipose tissue. In a third study (Gorocica-Buenfil et al., 2007a) with Angus-cross steers (BW = 295 kg), no differences in adipose cellularity were found for cattle fed either 0 or 2,200 IU/kg of supplemental vitamin A.
Plasma and Liver Retinol Profiles
Graphical observations of plasma and liver retinol are shown in Figures 1 and 2 , respectively. Plasma retinol did not differ among treatments (P = 0.34), and the period × treatment interaction was not significant (P = 0.33). Moreover, no significant (P > 0.10) orthogonal trends in plasma retinol were detected for any period. Although caution should be used in comparing assay results among laboratories and studies because of differences in samples, procedures, and conditions, initial plasma retinol concentrations in our experiment averaged 146.7 ng/mL. Pyatt et al. (2005) reported initial serum concentrations of 114.5 ng/mL, whereas serum retinol concentrations for Gorocica-Buenfil et al. (2007a ,b,c, 2008 averaged 350, 279, 323, and 295 ng/ mL, respectively.
Liver retinol has been reported to be a better indicator of vitamin A status than plasma (Westendorf et al., 1990; Puls, 1994; Alosilla et al., 2007) because plasma retinol is maintained at a relatively constant concentration in the body via hepatic stores so that bodily processes are maintained (Goodman and Blaner, 1984; Alosilla et al., 2007) . Analysis of liver tissue revealed interesting trends (Figure 2) . The period × treatment interaction was significant (P < 0.001) for liver retinol. Within period, liver retinol differed (P = 0.006) among treatments on d 0, with the 8,820 IU/kg treatment having decreased liver retinol compared with the 2,205 IU/ kg treatment, whereas the other treatments did not differ (P > 0.10) from each other. On d 56, liver retinol increased linearly (P < 0.001) with increasing concentrations of supplemental vitamin A. Moreover, the 0 IU/kg treatment had less (P < 0.10) liver retinol than all other treatments, and the 8,820 IU/kg treatment had greater (P < 0.10) liver retinol concentrations than all other treatments. On d 112, liver retinol concentrations increased linearly and quadratically (P < 0.009) with increasing concentrations of supplemental vitamin A. In addition, all individual treatment means differed from each other (P < 0.10), with the 0 IU/kg treatment having the least liver retinol concentration and the 8,820 IU/kg treatment having the greatest. On the last sampling day, liver retinol increased linearly and quadratically (P < 0.011) with increasing dietary vitamin A concentrations. Following the previous patterns, the 0 IU/kg treatment had less liver retinol (P < 0.10) than all other treatments, and the 8,820 IU/kg treatment had greater (P < 0.10) liver retinol than all other treatments. In addition, the 1,103 IU/kg treatment had greater (P < 0.001) liver retinol concentrations than the 0 IU/kg treatment, but it was less than the 3 other supplemental vitamin A treatments (P < 0.10).
Despite the fact that liver retinol has been reported to be a better indicator of vitamin A status (Puls, 1994; McDowell, 2000; Alosilla et al., 2007) , 2007a,b, 2008) have not taken liver tissue samples at the beginning of the experiment. In the current experiment, liver retinol concentrations averaged 163.9 µg/g (dry basis). At slaughter, the liver retinol concentrations averaged 92.5, 342.7, 457.8, 467.8, and 841.5 µg/g (dry basis) for the 0, 1,103, 2,205, 4,410, and 8,820 IU of supplemental vitamin A/kg of DM, respectively. It is interesting to note that the liver retinol in the 0 IU/kg treatment was less than 100 µg/g on d 142 and 143. Adult cattle are typically thought to be marginally deficient in vitamin A when their liver retinol falls below 100 µg/g and fully deficient when liver retinol decreases below 30 µg/g (Puls, 1994) . Kohlmeier and Burroughs (1970) stated that cattle that entered the feedlot with 20 to 40 µg/g (wet basis; 67 to 133 µg/g dry basis) will have sufficient reserves for 90 to 120 d. In the present study, liver retinol concentrations were below the 100 µg/g (dry basis) threshold between d 112 and d 142 or 143. On d 142 or 143, 0 IU/kg treatment was the only treatment in which plasma retinol decreased from the previous period, which might have been the signal that the liver stores of retinol had been depleted sufficiently to decrease plasma retinol. The liver contains approximately 90% of the vitamin A in the body (Puls, 1994) , and the present data seem to substantiate the view that liver retinol is a better indicator of vitamin A status than plasma retinol when cattle are not in an extremely deficient state. Gorocica-Buenfil et al. (2007a ,b,c, 2008 ) reported values for hepatic retinol concentrations at slaughter. Assuming a 30% DM content of liver, at slaughter the (Gorocica-Buenfil et al., 2007b ,c, 2008 , the liver retinol in the cattle receiving no supplemental vitamin A was below both the marginally deficient and deficient thresholds defined by Puls (1994) . Moreover, Gorocica-Buenfil et al. (2007c , 2008 reported less efficiency during the finishing period, and Gorocica- Buenfil et al. (2008) reported a trend for less ADG for the finishing period for cattle that were not fed supplemental vitamin A. Neither of these studies, however, showed any differences in marbling between the cattle caused by supplementation with vitamin A. There does not seem to be a clear pattern among these experiments with respect to liver retinol concentrations at slaughter and marbling score. As has been noted, because blood concentrations of retinol tend to be maintained until hepatic stores are depleted, retinol concentrations in the blood are only good indicators when an animal is extremely deficient in vitamin A (Puls, 1994; McDowell, 2000; Alosilla et al., 2007) . In addition, because marbling deposition occurs over the life of the animal and over the entire feeding period, it follows that the liver retinol concentration at the beginning of the feeding period would be more pertinent and applicable than serum or plasma retinol. Hepatic stores of retinol may have to be below a certain critical threshold before the preadipocytes differentiate into mature fat cells, and this point in time likely differs according to the environment and genetics of the animal. In addition, to truly ascertain these "critical thresholds" to make recommendations for feeding of vitamin A, it is necessary to develop dose-response curves over time and to examine both the initial liver retinol concentration and its rate of decrease until slaughter.
Plasma retinol did not show any significant trends (P > 0.10) with increasing concentrations of dietary vitamin A; however, liver retinol increased (P < 0.011) linearly and quadratically with increasing concentrations of supplemental vitamin A. Moreover, the correlation between liver retinol and plasma retinol (Table 7) was significant (P = 0.07) only on d 56, and the correlation coefficient was small (r = 0.17). Ralston and Dyer (1959) , Smith et al. (1964) , and Alosilla et al. (2007) also reported no correlation between liver and plasma vitamin A and found little value in plasma retinol concentrations. Few other studies have evaluated both liver and plasma retinol concentrations over the same time periods; however, some studies (Gorocica-Buenfil et al., 2007b ,c, 2008 have shown a numerically positive relationship between serum retinol and either increased supplemental vitamin or restricted supplemental vitamin A. Conversely, Gorocica-Buenfil et al. (2007a) observed that the serum retinol in the cattle not given any supplemental vitamin A stayed constant from the initiation of treatments until slaughter.
Altogether, data from the present experiment and from previous research suggest that the results from studies conducted in a similar fashion to this one will continue to provide variable results and conclusions. First, the backgrounds and previous nutritional history of the animals in these previous studies are variable and in large part are not known. In addition, only the current study and 1 other experiement (Gorocica-Buenfil et al., 2007c) assayed for initial liver concentration of retinol, which is considered the gold standard for assessing vitamin A status. Carotene, and thereby vitamin A activity, of feed sources changes seasonally (Puls, 1994;  McDowell, 2000). Consequently, based on the previous nutritional history and seasonal time of the year, cattle will have tremendous variation in hepatic stores of vitamin A. Moreover, the duration in the finishing phase of most beef cattle is less than one-third of their life span, and marbling, and thereby quality grade, can be significantly influenced by practices and nutritional backgrounds (e.g., genetics, age at weaning and feedlot entry, implants, energy intake, and castration) before cattle enter the feedlot (Myers et al., 1999; Schoonmaker et al., 2002 Schoonmaker et al., , 2004 Platter et al., 2003; Bruns et al., 2005) . In addition, it is likely that interactions among these various factors influence marbling. Consequently, more data are needed before extrapolating results and making recommendations for all beef cattle across all nutritional backgrounds and seasons because the answer likely depends on numerous factors. Adding to the complexity of questions relating to marbling in cattle is the fact that feedyards have the capability, both physically and economically, to feed only a finite number of diets. Nonetheless, our data and other data in the literature suggest that perhaps dietary vitamin A requirements, and hence formulations, should vary seasonally. In addition, differences in vitamin A content of basal ingredients should be considered when formulating dietary supplemental vitamin A concentrations. However, caution should be used when using published vitamin A concentrations of feedstuffs, and the degradative effects of the oxidative and fermentation processes used to preserve feedstuffs should be considered. A more comprehensive approach to examine the relationship of total vitamin A intake and liver and blood retinol concentrations from birth to slaughter and their effects on carcass quality, and in particular marbling, seems warranted.
Plasma and Liver α-Tocopherol Profiles
Graphical observations of plasma and liver α-tocopherol are shown in Figures 3 and 4 , respectively. Plasma α-tocopherol concentrations did not differ among treatments (P = 0.50), the period × treatment interaction was not significant (P = 0.13), and no significant orthogonal responses were detected among the supplemental dietary vitamin A concentrations (P > 0.10). Liver and adipose α-tocopherol concentrations have been the preferred indicators of vitamin E status (Puls, 1994; Njeru et al., 1995) , in that plasma typically reflects only the dietary vitamin E that has been consumed recently. In addition, Njeru et al. (1995) showed that the liver and adrenal tissues have much greater concentrations of α-tocopherol than does the adipose tissue of yearling beef heifers.
For liver α-tocopherol, the period × treatment interaction was significant (P = 0.007). Although there was a linear trend (P = 0.041) for decreasing liver α-tocopherol with increasing dietary vitamin A, no differences in liver α-tocopherol were observed on d 0. It is interesting to note the period effect (P < 0.001) for liver α-tocopherol (Figure 4 ). In particular, it seems that there was a significant decrease in liver α-tocopherol from d 0 to 56. The first 60 d of the feeding period are typically when the greatest morbidity and stress occur. Carter et al. (2005) showed that plasma vitamin E concentrations decreased over time from d 0 to 28 and d 42 of the receiving period. In addition, Nockels et al. (1996) observed that liver and plasma α-tocopherol decreased when cattle that had diets adequate in vitamin E were stressed via injections of epinephrine and ACTH. Moreover, Rivera et al., (2002) found that serum IgG titers increased linearly with supplemental concentrations of vitamin E. Consequently, it is likely that the decrease in liver α-tocopherol is associated with the normal health-related issues associated with the first 2 mo of the feeding period.
On d 112, liver α-tocopherol decreased linearly (P = 0.005) with increasing supplemental vitamin A. On d 142 and 143, the liver α-tocopherol decreased both linearly and quadratically (P < 0.065) with increasing concentrations of dietary vitamin A. Moreover, the 0 and 1,103 IU/kg treatments had significantly (P < 0.10) greater concentrations of liver α-tocopherol than the 3 other treatments. With each increasing concentration of supplemental vitamin A, the numerical values of liver α-tocopherol decreased in ranking. In other words, in the order that the dietary concentration of vitamin A was increased, the liver α-tocopherol concentrations decreased in sequential order. There was a moderately strong negative correlation between liver retinol and liver α-tocopherol for d 56 (P = 0.0157; r = −0.22), d 112 (P = 0.011; r = −0.24), d 142 or 143 (P < 0.001; r = −0.38), and overall (P < 0.001; r = −0.43), and the correlation seemed to become stronger and more negative over time. Puls (1994) noted that excessive vitamin A can destroy vitamin E. Research (Hill et al., 1995; Schelling et al., 1995; Zinn et al., 1996; Eicher et al., 1997) has shown interactions in performance with supplemental vitamin A and E and has indicated that supplementing beef or Holstein cattle with vitamin A in excess of NRC (1996) suggestions can decrease plasma concentrations of vitamin E. Although not studied in the research mentioned previously, this fact, along with the correlation between vitamin E supplementation and immune response (Nockels et al., 1996; Rivera et al., 2002) , may suggest that feeding increased concentrations of vitamin A could adversely affect the health and performance of feedlot cattle. These observations could be the result of fat-soluble vitamins and their carriers exceeding the capacity for absorption in the lower gastrointestinal tract. An experiment evaluating the effects of supplemental vitamin A and E concentrations and their interactions on the performance, health, and carcass merit of incoming cattle seems warranted.
Conclusions
Data from the present experiment did not show any relationship between supplemental vitamin A and marbling score, and the results of recently published research are inconsistent. Diverse dietary backgrounds of cattle and their resulting hepatic stores of retinol likely explain the variability in response to vitamin A supplementation or restriction in beef cattle. Typical finishing diets in High Plains feedlots contained an average Period × treatment means that do not have a common letter differ, P < 0.10. of 5,215 IU of vitamin A/kg of DM. The performance and tissue measurements from the present study and the data reviewed by NRC (1996) suggest that the vitamin A requirement of typical yearling feedlot cattle fed similar basal ingredients is 2,205 IU/kg of DM or less. In addition, recent research provides evidence that feeding supplemental vitamin A in excess of 2,205 IU/ kg of DM could overwhelm the capacity of the lower gastrointestinal tract to absorb other nutrients, including fat-soluble vitamins such as vitamin E, which could adversely affect the health and performance of feedlot cattle. Decreasing the current supplemental vitamin A concentrations from the industry average of 5,215 to 2,205 IU/kg of DM or less could result in significant savings over the feeding period. Further research to evaluate the performance, health, and carcass effects of various concentrations of supplemental vitamins A and E in receiving diets should be conducted. Moreover, a more comprehensive approach to examine the relationship of total vitamin A intake and liver and blood retinol concentrations from birth to slaughter and their effects on carcass quality seems warranted.
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